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Tb is the purpose of this paper to present the method of peeudorandan 
Signal (peeudonoise) correlation measurements and to demonstrate theoretivcal- 
ly and experimentally that the results are difverent from ani apredictadle ' 
from those obtuined by caploying the usual filtering and detection of ispul-~ 
sive (explosive) or ringle frequency signals. Since the crosscorrelation of 
the received underwater acoustic signel with thet trenenitted te = measure 


of the feasibility of signal processing techniques employing coherent tine 
averaging, these wasuramnts ove of practical iaportence. A study of such 


A Pseudorandom Signal Correlation Method for Underwater Acoustic Studies, 


correlation coefficients as a function of the averaging tine frequency, and 
vandwidth of the signal sani of the locationsend motiomof the source end 
receiver will lead fimelly tova detemaivation of those properties of the 
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medium axd its bounderies which perturd uerwater acoustic propagation. 1 
Two earlier experiments of a similar nature should be mentioned. In air ) 
acoustics, coft! crosscorrelated the signals received at one point in « 

machine ehop with the cigusl recorded next to a particular machine to identify — 


the csowponent due to that particular sachine ot the distant point. in radar, 


ho ' 
Lincoln Labaratory's Venus akeo range axporinent™ euployed @ sericn of single 
frequency pulses ‘interval modulated’ by s pemudorenom sequence generator and 


covreleted the envelopes of the tranuaitted ond returned pulse trains to 


I 
suppress the range ambiguity. a) 
Oe OE ET 28 Se OE ARID DP ND Re hE TD I Ee EE Oh te A AE 2 OE OE Om A Ee OPE OF EE EO LODE + Oe EYED tt SY NOR Ab UE Cae St Mle BE OP Ae RD TENT 
levy. Goff, J. Acoust. Soc. Am. 27, py 225-246 (1959). LD oe 
#a. Price, Seience 129, p. 751-753 (1959). eee ela) 
i SE og 
Jowell Avcustic seetety cf America | esau hie el aici ng re ‘ at ; 
(GL) 8 Nice We aah AOS Ba ee ee UR EGS TES 2 
Po Bigs = we 56H } Ne pets Cin Go 
qv ' wed CFs . we at Veg ell ee ay . 
oie tees F - ce enema teat 8d pagel ee eae 
1 24 PE y 
iA 4 t 2 ms /) wo A 


eT eee mere en Per ene 
correlation of the ocean with a broadbesl pemaeratdon eigual eas input cae 
might expect by the theeren of Weingrs Lae and Wiemer? that the result vould 
ve identical with the isquwisive response of the ocomn obtained ty firing 
explosives amd analysing the received impulses in the sane bandwidth. this 
would be carrect if everything were stationary but when reflections from a 
wmyving surface or notions of the source o revelver in a nonhomogensous 
medium are involved the results nay be quite divverent. Theat is the shot 
mokeures one semple of the changing iupuleive response while the correlation 
measures ite tine average. Since the time averaged ixpuleive response is the 
Fourier transform of the single frequancy response of the medius, one might 
also expect that the result of the peeudorandon signal, correlation aight be 
predictable fron propagation studies made with long pulses of different 
oingle freqencies. This vould be correct even if the situation of aadiun , 
boundaries and terminals were nonstationary, if all the different frequencies 
in the band could be observed simultaneously ani if the phase spectra of the 
different frequentics, were measured as well cs their auplitude spectra Since 
in practice only the power respome: at a few freqiencies are mearured and 
these et diffcrent tines, the alngle frequency renulta cansot predict the 
tarrelation responses cx coefficients for the broadband siguals. 

Woodward's eignal exnbiguity function ie the squared magnitude of the 
autocerrelation funtion vith respect to both time and fraquency displacomcnat. 
Prom a study of the aubiguly functions of available waveforne’ it 1s easily 
seen that the pesuieremfom (PR) siguids of large time-bandwidth product sre 
mih superios te all other waveforus for ow purposes. ‘They slone yerait 
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“tv tee, Statistical Theory of Communication (Joln Wiley & Sous, 1960) 


J. L. Stevert and ZB. C. Westerfield, Proc. Ine 47, p. 872-061 (1959). 
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eimulteneoz high resolution of the received signals bot: «2 range and in 
Doppler. ‘the PR vaveforms which are generated ty shift register encoders” 
are even superior to semple signaia free a veel noise zenerater because all 
vosaifte sequences of the shift register Length occur gce and omly ace 

vefere the vhole cequence repents. The PR signals cea be coapletely rapro- 
duced with auy desired time delay and tine compression by « similar ehift 
register encoder. 

The correlater exployed must be capable af comtdinmuous search over the 
region of uncertainty in both renge and Doppler of the marce. Tio possibi- 
lities presently exist, a matched filter or a tia: congwession correlator. 
She delay Line tiue coupressar (neitac’ ®) correlator systen we weploy uses 
infinite poek clipping. Clipping bus been found to have many practical 
atventages such as climionting dynanic renge probleas, permitting digital 
storage amd shift register time delay techniques. ‘the cifferences between 
polarity comreletion axl ac plete suplitude correlation are vell Gin: 
The veriations in correletion eutgut due te clipping, smapling, aad lack of 
precise Doppler aatching have beeu cbeerved in the lavoratory to be much 
less than the variations observed in the field wiich are thie presunebly due 
te the mation of ths source aor of the mediun. 

‘The experinents are conducted by aaploylng an experiwental broadband 
treneducer mousted on a sularine operating st suiviciest depth to be out of 
urface ware action and ruoing slowly at right angles to the sound path to 
produce a low snd very constemt range rete. _ine receiving hydrophone 1s 


&.W. Golomb, LR. vanigs oe RH. Golastein, Jet Propulsion lab Progress 
20-389 (1959). 
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woumted on the continental slope close to the depth of, deep soul channel 


axic,as in Sofax. The PR signals tranemitted are accurately clock driven 
and repewt avery 43 seconds which Le auch longer then the duration of the 
sequence of significant arrivals observed, ihe received ani reference signals > 
vbich have been hetevodyaad dem to be close to sero frequency, are suupled at 
twice t¢ sigual tbexiwidth. ‘the receive Deltic cospresses and stowea the 
latest 5000 sauplea of the received signal and or -relates 14 continuously 
with @ eimiletly compressed fixed set of 5000 amaples of the reforence algnal 
in the reference Deltic. Since the two signals ere heterodyned dow: with 
frequencies differing by 1O cps, the output of the corralatac is an AC signal 
which is analyzed in a bonk of alevon Doupler filters. The aystes thus 
searches continumusly in range ad Doppler with a tise delay resolution which 
is the rectprecnl of the signal bensdwicth ex! a Deopler . frequency shitt 
resoblition whieh is the reciprocal of the integration time, 1.e. 0.01 secomis 
for the 100 ops bamhidth and 1/25 cpa fer the 25 second integration tine we 
have emplgyed, The reference PR sigwl genaratar is sun faster ar slover te 
mextch the Ieppler of the received cigual to osntur the display. 

Mewe 1 illustrates ow recomis. It was made with a 760 ops carrier at 
& rango of about GO nautical wlies In the midile af o stewe with confused seas. 
Time ts suming fron vighkt to left. tm the right wre fou unprocessed tenth- 
second uines which mreceiad the PR transingioms on the left. On the lefts 
are two adjacent Doppler output chemele ({5 and (6) with the signal mostly 
in the contenl channel (/G) for the duration of the run. The records have 
been retraced to place the correlation peake, which repeat every 41 seconda, 
aijacest to cach other by aaitting the blenk parts of the reeord as indicated 
by the breaks in the base line. Thus the record represente about 20 mimstes 
of FR trenaeissions. She Linewidth enelution on the paper 1a about equal to 


He 


the duration of one-tenth eecemt pings but Goes not resolve the correlation 
functions with their 1/100th secomi resolution. 

Since the Soppler channels are separated by 1/6th imot at 760 cps, the 
record indicates that the range rate of the source submarine was constant 
within 1/12 mmot for 20 minutes which omkes it an idenl platform for correla- 
tion studies. Of course, the surface, doliten, ant thermal structure involved 
in the trenemiseion path did changes slowly. during the experiment eas the 
souree subwarine changed elowly in bearing and drifted slightly in range and 
to this must be attributed the observed variations. 

We do not as yet know the calibrations aw linearity of our systen to any 
precision so we cen not obtain absolute values but the relative values are 
of ixterest. hea all of the power is in a single arrival, es happens occa- 
sionally in Figure 1, we obtain the highest cocrwlation. The correlation of 
these main errivals dropped slowly froa the higher values to lower valves in 
long periods of the crder of several minutar. Most of this variation is to 
be associated with the build uw of ome or two other arrivals and ie olnply 
& clipper normalisation effect. The curve af dots in Figure 1 is the mm of 
smplitutes af the two highest peaks of the observed multiple arrivals in the 
output of the correlate:. ‘the velative stability of tne sum indicates that 
tmlf of the time the total cocrelation ia constant. Saxe of the residual 
variation is due to splitting between Doppler channels, but most of “the 
veriation must be dus to perturbations of the mediua oy beumlarles euch as 
reflection off the marface ar bottan. 
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The precuremt about 1.2 seconds ahoad of the win sevivel is believed to 
heve traveled by en alnoss purely refracted path with om leas top te botton 
sip than the win wrival,ae is crudely woggested in i<e ray diagves ab the 
top of Figure 1. Tt 1341 be meted toverd th: eval of the run that, while the 
nmin excivel appears Srequently in the lower Doppler channel the precursor 
does 90 only aase, although they beth have cayernble auplitades in the 
centyal chaumet. his is ovidenee of a very emmll Doppler difference of the 
ondary of 1/12th. inet between taeee tuo erivels. 

Tt wilh be pated that sane taile nerked T appear about 1.3 seconts after 
the main arrival in the pings. ‘They premmably take one more tap to totton 
skip then the aain arrival. thile they appear vith amplitudes comparable 
with the precursors in the ping records om the right; they do not appeur in 
the correlator output om the lett. Such uncorrelated tails can of course 
“leo explain why the sun of the correlater peaks ie not conserved at all times. 

Tw: obvious oxplanation af tae mlesing taile is that they are sors per-~ 
tiated then the wiin arrival due te ase reflections off the violently roving 
seface md at higher sugles with the surface. Ranerically the jails aight 
heve angles with the curface of 15° willo the onin arrivals have angles of 
7. ‘Then the auvface x turhabion per reflection would be twice as much . 
for a tall arrival as for the wails srrival and could be grester than a hell 
wayelomsth while the perturbation cf the main arviveal could be lees than a 
balf wavelength, Since the dominant poried of ocean waves is knawm to be in 
the 5 te 10 cruond regia” (continuous aaplitaic modulations af this pordsd 
were observed on single frequency tranexissions) and our integration time is 
25 eecomie, the tall eswelations ware wiped out. Oo this basie, we wuld 
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expect the talie to hold their correlation fia integration times less then 
5 seconds. 

Iu our future plans we hope te gbtain the absolute calibration of the 
searching polarity cemreilator harein deyoribed., ke aleo hope to employ it 
to ayncieconiase the dooul PR gomocator vith ans af the orrivele. Then we ogn 
employ & nonsderching but completely analogue X correlates to obtain abso- 
lute correlation coefficients as « tinction of avuwaging tine. With these 
iaprevermnte the pamdoremion signe] (perslospice) correlation technique tz 
expected to be a valuable tool fow the stwly of the propagation of signals 
inclisiing thone of uadervater acoucticc. 
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